Hereditary autosomal dominant myoclonus dystonia (MD) is a movement disorder characterized by involuntary lightning jerks and dystonic movements and postures alleviated by alcohol. Although various large families with MD have been described, no positive linkage has been found to a chromosomal location. We report a family with eight members with MD. Linkage analysis identified a 23-centimorgan region on chromosome 11q23 that cosegregates with the disease state (maximum multipoint logarithm of odds score ‫؍‬ 2.96 at D11S897). This region contains an excellent candidate gene for involvement in the etiology of MD, the D2 dopamine receptor (DRD2) gene. Neurotransmission mediated by DRD2 is known to have a key role in the control of movement and also has been implicated in reward and reinforcement mechanisms and psychiatric disorders. Sequencing of the coding region of DRD2 indicated that all affected and obligate carriers were heterozygous for a Val154Ile change in exon 3 of the protein, which is highly conserved across species. This change was found neither in other unaffected members of the pedigree nor in 250 control chromosomes. Our finding provides evidence for the involvement of DRD2 in a disorder of the central nervous system and should lead to further insight into the function of the dopaminergic system in dystonia and other movement and mood disorders.
Myoclonus dystonia (MD), also known as hereditary essential myoclonus and myoclonic dystonia, is a rare movement disorder that can occur sporadically or in families with apparent autosomal dominant inheritance (1) (2) (3) . It is characterized by onset of myoclonus in the first or second decade of life, frequently accompanied by dystonia involving the neck, arms, and face, a largely nonprogressive course with a normal life-span, an absence of seizures (4) , and an alleviation of symptoms in response to alcohol but not to L-dopa (2) . MD can be distinguished from early-onset primary torsion dystonia, which also can cause myoclonic jerks (3, 5, 6) . A 3-bp deletion in the DYT1 gene causes the majority of cases of early-onset primary torsion dystonia (7) , and linkage to the DYT1 locus has been excluded in several families with MD (8, 9) , including the one under study (data not shown). Despite the description of various large families with MD in the literature (3, (8) (9) (10) (11) (12) (13) , as yet, no positive linkage has been reported to a chromosomal location.
Taking a candidate-gene approach, we determined that the D2 dopamine receptor (DRD2) gene seemed to be a particularly attractive candidate to be involved in the etiology of MD. DRD2 is highly expressed in the basal ganglia (14) , which is a control center for movement, and drugs that block dopamine receptors can lead to dystonic symptoms (15) . Patients with juvenile parkinsonism frequently present with dystonia (16); also, some forms of early-onset dystonia are believed to involve dopaminergic transmission, e.g., dopa-responsive dystonia with mutations in genes encoding enzymes in dopamine synthesis (17, 18) and early-onset primary torsion dystonia, in which the transcript for the responsible gene, DYT1, is expressed at high levels in dopaminergic neurons of the substantia nigra (19) . In addition, the DRD2 receptor is believed to have a role in affect, emotion, and reward mechanisms (14) and has been implicated in the etiology of alcoholism (20, 21) and schizophrenia (22) . Interestingly, many patients with MD consume large quantities of alcohol (8) , frequently exceeding the amount necessary to relieve the myoclonus, or even to be addicted to alcohol or drugs (11) . Some patients, including several members of the family under study, also display features of psychiatric disorders͞affective traits such as anxiety, neurosis, phobias (11), depression, and panic attacks (M.F.B. and S.B., unpublished observations).
MATERIALS AND METHODS
Subjects. After giving informed consent, all participants underwent a standardized neurological examination. The diagnosis of MD was established according to published criteria (2-4), including videotaped examinations reviewed by neurologists trained in movement disorders who were blind to patient status or relationship.
Haplotype Analysis. Genotyping was carried out with the simple sequence repeat DNA markers D11S2002-8.9 -D11S1367-13.7-D11S1302-0.0 -D11S2000 -1.7-D11S4961-3.4 -DRD2-0.5-D11S897-0.0 -D11S1986 -3.4 -D11S1992-5.4 -D11S1998 [methods specified by Research Genetics, Huntsville, AL (www.resgen.com); marker distances according to Marshfield Medical Research, Marshfield, WI (www. marshmed.org͞genetics)]. PCR products were analyzed on a Li-Cor (Lincoln, NE) automated sequencer or detected by autoradiography.
Linkage Analysis. We conducted pairwise and multipoint linkage analyses by using the VITESSE program (23) . Disease allele frequency was estimated to be 0.01%. We specified an age correction, based on the age-of-onset distribution within this family, in which all affected individuals had onset before the age of 16 years. Maximum penetrance was estimated at a conservative level of 50%. Marker allele frequencies were assumed to be equal.
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PNAS is available online at www.pnas.org. This paper was submitted directly (Track II) to the Proceedings office. Abbreviations: MD, myoclonus dystonia; lod, logarithm of odds. ʈ To whom reprint requests should be addressed. e-mail: ozelius@helix. mgh.harvard.edu. zymatic clean up with exonuclease I and shrimp alkaline phosphatase (United States Biochemical). The following primers were used for PCR amplification and sequencing of exon 3 of DRD2: DRD 2 3F (5Ј-GGTGTGTGCATATTGTGGAG-3Ј) and DRD 2 3R (5Ј-TGCCAGGACTCTGTTCCCTC-3Ј). PCR was carried out at 94°C for 1 min, 48°C for 1 min, and 72°C for 1 min (40 cycles). DRD2 primer sequences for exons 1, 2, and 4-7 as well as PCR conditions are available on request.
RESULTS AND DISCUSSION
We studied a 30-member family of Welsh-Scottish-German origin with 8 individuals showing alcohol-responsive MD (5 men; 3 women; mean age of onset ϭ 8.1 Ϯ 4.7 years; range: 2-16 years) and 2 unaffected obligate carriers. Clinical features included predominant myoclonus in three, dystonia in one, and features of both in four individuals. Of the affected individuals, three reported less severe myoclonic symptoms after ingestion of alcohol; there was no history of alcohol abuse. Affective traits, including depression, manic-depression, anxiety, panic attacks, and obsessive-compulsive disorder were reported by history in five of the affected individuals and one obligate carrier. The mode of transmission suggested autosomal dominant inheritance with reduced penetrance. Strong evidence for linkage was found for markers on the long arm of chromosome 11, with a maximum two-point logarithm of odds (lod) score at D11S897 (z ϭ 2.96; Table 1 ). Multipoint analysis with a subset of these markers confirmed that the likelihood of linkage is greatest at D11S897 (maximum multipoint lod score was 2.96). The lod score of 2.96 closely approximates the maximum potential lod score for this particular family size and structure. Critical recombination events between markers D11S2002 and D11S1367 and between D11S1992 and D11S1998 occurred in individuals II.1 or II.3 (see Fig. 1 ), which would place the MD locus within a region of about 23 centimorgans. This chromosomal region, 11q23, contains a number of genes that are known to play a role in functions and͞or diseases of the central nervous system, including the neural cell-adhesion molecule gene (24) , the ataxia telangiectasia gene (25) , and the DRD2 gene (26, 27) .
DNA sequence analysis of the coding region of DRD2 showed all affected family members and obligate carriers to be heterozygous for a G 3 A transition in the first base of codon 154, causing a Val154Ile change in a highly conserved region of exon 3 (Fig. 2) . This sequence change was in complete linkage with a silent polymorphism (Leu141Leu; Fig. 2 ) known to be present in about 4% of the white population (28) . The Val154Ile change was not found in any of 250 control chromosomes of the Centre d'É tude du Polymorphisme Humain (Paris), whereas seven control individuals (5.6%) were heterozygous for the Leu141Leu polymorphism.
Our data show that a sequence change in DRD2 is associated with MD in all affected family members and obligate gene carriers. Individual II.6 seems to share at least part of the disease-associated haplotype with II.1 and II.3. Individual II.6 has a 9 instead of the 8 allele at marker D11S897, which could be explained by ''slippage'' or a recombination event at some point above or below the DRD2 locus. Supporting a recombination event above the DRD2 locus, II.6 does not carry the mutation or the polymorphism in exon 3 of the DRD2 gene and, therefore, is assumed to have inherited this part of chromosome 11 from the normal chromosome in the carrier.
The issue of possible anticipation is raised in our family, because individuals II.1 and II.3 have never shown any signs of MD and thus are nonmanifesting carriers of the mutation. Mean age of onset of the six affected family members in generation III was 9.8 Ϯ 4.0 years, and mean age of onset of MD in the two affected individuals in generation IV was 3 and 4 years. However, this issue is difficult to address in a single family. Also, reduced penetrance (3) but not anticipation has been reported in other families with MD (3, 8, 10) . Age of onset in subsequent generations is likely to be biased by increased awareness of the symptoms with earlier diagnosis of the disease. Therefore, unaffected status of individuals II.1 and II.3 could be explained by incomplete penetrance alone. This same variation in DRD2 was not detected in other individuals with MD, including five sporadic patients and patients from two families with multiple affected members (not suitable for linkage), nor could linkage to the 11q23 region be found in three other MD families, suggesting that mutations in other gene(s) or other mutations in DRD2 may underlie the MD phenotype. Similar clinical phenotypes caused by different genes have been described in many other neurological disorders, including the hereditary dystonias, for which an increasing number of genes have been mapped and identified (for review see ref. 29) . As shown by the example of Parkinson's disease, mutations in the ␣-synuclein gene (30) are an extremely rare cause of familial Parkinson's disease and were not found in hundreds of sporadic or familial patients tested (31) . Likewise, the Ile93Met change in the ubiquitin carboxyl-terminal hydrolase L1 gene was present only in 1 of 72 families with Parkinson's disease studied (32) . Among further possible MD candidate proteins are the other dopamine receptors and proteins involved in second messenger pathways, such as G protein subunits that interact with dopamine receptors.
Although, at first sight, the V 3 I change in DRD2 in our family seems to be minor, a number of facts point toward its significance. (i) The mutation occurs in a region that is highly conserved in DRD2 across species including Cercopithecus aethiops, Mus musculus, Rattus norvegicus, Bos taurus, Meleagris gallopavo, and Xenopus laevis (Fig. 3). (ii) This change has never been reported to occur as a normal polymorphism, although extensive screening for mutations of DRD2 has been performed in controls and patients with many diseases (e.g., schizophrenia and alcoholism; refs. 28 and 33), and was not found in this study in any of the 250 control chromosomes tested. (iii) The change in amino acid is located in a transmembrane domain, and, in general, transmembrane domains are of particular importance for agonist binding (34) . The location of the mutated valine close to the inner surface of the cell membrane and the third cytoplasmic loop (Fig. 4 ) predicts possible interference with receptor͞G protein interaction. This prediction is supported by mutagenesis studies of DRD2 suggesting that certain hydrophobic residues in this region are important for both ligand binding and receptor activation (35) . (iv) Single-base-pair mutations causing amino acid substitutions in other G protein-coupled receptors have been shown to cause disease. For example, the A 3 G (Gly578Asp) change in the sixth transmembrane domain of the luteinizing hormone receptor results in male precocious puberty (36) . (v) Other changes in similarly uncharged amino acids can have major effects. For example, the L 3 V mutation in the AREA DNA binding domain of Aspergillus nidulans leads to dramatic changes in the expression profile of genes controlled by this transcription factor (37) , and an A 3 V substitution in exon 7 of the follicle-stimulating hormone receptor gene results in suppression of spermatogenesis and of fertility in men homozygous for this change (38) .
Dopamine is the predominant catecholamine neurotransmitter in the central nervous system (14) . Disturbances of the dopaminergic system are relevant in the etiology of various movement disorders, such as Parkinson's disease, the doparesponsive dystonias, and early-onset torsion dystonia. Among the five dopamine receptors (D1-D5) identified so far, DRD2 is a particularly attractive candidate to cause MD, as it is known to control various functions of the central nervous system, including movement, positive reinforcement͞ addiction, and possibly emotion (14) , all of which are affected to a certain extent in at least some patients with MD. Studies of the function of the mutated DRD2 in comparison to the normal should help to elucidate the role of DRD2 and dopaminergic neurotransmission in MD, as well as in other movement and mood disorders. 
